1. Introduction {#sec1-materials-09-00493}
===============

The use of spark plasma sintering (SPS) has continuously expanded over the past 20 years thanks to its excellent sintering capabilities. A special configuration of SPS tooling, described in our previous work \[[@B1-materials-09-00493],[@B2-materials-09-00493]\], makes it possible to apply uniaxial pressure up to 1 GP during the sintering process. Sintering under high pressure allows for significant reduction of processing temperatures and fabrication of nano-structured ceramics. It was reported \[[@B1-materials-09-00493]\] that nano-structured magnesium aluminate spinel specimens, possessing a unique combination of optical and mechanical properties, could be fabricated under a uniaxial pressure of 400 MPa at 1200 °C. One of the main densification mechanisms acting in the final stage of sintering under elevated pressure is high temperature deformation (creep) of ceramic particles or grains \[[@B3-materials-09-00493]\]. The creep behavior of polycrystalline magnesium aluminate spinel and its capability to undergo superplastic deformation at relatively high temperatures (1300--1800 °C) over a wide range of applied stresses (1--200 MPa) have been investigated \[[@B4-materials-09-00493],[@B5-materials-09-00493],[@B6-materials-09-00493],[@B7-materials-09-00493],[@B8-materials-09-00493],[@B9-materials-09-00493],[@B10-materials-09-00493],[@B11-materials-09-00493]\]. However, to the best of our knowledge, there is no data on creep behavior under conditions close to those that are applied during the high pressure SPS process. The data output of the SPS system includes temperature, applied pressure, relative punch displacement (RPD) and electric pulse parameters (*i.e.*, voltage, mode of current, frequency, *etc.*). In principle, the SPS apparatus is a high temperature dilatometer and can be used for the investigation of mechanical properties of ceramics at high temperatures. The accuracy of RPD measurements (about 1 μm) is suitable for high temperature experiments, such as creep. In the present study, an SPS apparatus was used to investigate the creep behavior of magnesium aluminate spinel for the first time.

2. Materials and Experimental Procedures {#sec2-materials-09-00493}
========================================

Magnesium aluminate spinel samples intended for creep testing were fabricated by SPS (HP-D10, FCT Systems, Rauensein, Germany) from a commercial MgO·Al~2~O~3~ powder (S30CR Baikowski Chimie, La Blame de Silingy, France) with a specific surface area of 30 m^2^/g, impurities levels of 10, 10, 20 and 5 ppm for Fe, Na, Si and Ca, respectively. SPS was performed inside a graphite die with 12 mm height and 20 mm diameter. The sintering parameters were a sintering temperature of 1300 °C, a dwell time of 20 min, a heating rate of 10 °C/min, an applied pressure of 60 MPa and a cooling rate of 50 °C/min. The sintered samples were fully dense, with a grain size of about 250 nm. The spinel samples were precisely machined into a cylindrical geometry 12 mm in height and 6 mm in diameter. The creep experiments were conducted in the SPS apparatus with a DC pulse-mode current pattern (pulse 5 ms and pause 2 ms). A non-constrained sample was placed inside the high pressure SPS tooling, which consisted of an outer graphite die (outer diameter, 50 mm) and an inner die made of silicon carbide. The silicon carbide die had 10 mm inner and 20 mm outer diameters. A K-type thermocouple was inserted through the outer graphite die and placed in contact with the inner SiC die. Samples were heated to the initial temperature of 1100 °C at a heating rate of 200 °C/min. Each compression creep experiment was conducted under constant pressures of 120, 150 and 200 MPa at various temperatures of 1100, 1150 and 1200 °C, with a dwell time of about 2 h. The microstructure of the polished and thermally etched (1400 °C for 10 min under ambient atmosphere) samples was examined using a high resolution scanning electron microscope (HRSEM; JSM-7400, JEOL, Tokyo, Japan) The grain size was estimated by Thixomet software (Thixomet, St.-Petersburg, Russia) for image analysis \[[@B12-materials-09-00493],[@B13-materials-09-00493]\]. Samples for high resolution transmission electron microscope (HRTEM) analysis were prepared by a focused ion beam (FIB; Helios NanoLab 600, FEI, Hillsboro, OR, USA) and examined using a high resolution transmission electron microscope (HRTEM; JEM-2010F, JEOL, Tokyo, Japan).

3. Results and Discussion {#sec3-materials-09-00493}
=========================

3.1. Strain Rate {#sec3dot1-materials-09-00493}
----------------

Creep curves for spinel were obtained from the experimental data recorded by the SPS system. RPD was converted to strain according to the initial specimen height ([Figure 1](#materials-09-00493-f001){ref-type="fig"}).

Each creep curve consists of three domains, each related to the creep at various temperatures, and which changed during the course of the experiment. At low temperatures (reflected as the first domain of the creep curves), the initial deformation was extremely low and almost undetectable. For the other curve domains, the material was already in the steady stage of creep. The softening of the material was clearly observed as an increased slope of the curves with temperature. Finally, the hardening effect can be observed at high temperature and upon high strain (reflected in the continuous change/decrease of the slopes and indicated by the dashed line in [Figure 1](#materials-09-00493-f001){ref-type="fig"}). Strain rates were determined from the slopes of the quasi-linear steady-state portions \[[@B4-materials-09-00493],[@B8-materials-09-00493],[@B11-materials-09-00493]\] of each domain and are presented as a function of temperature in [Figure 2](#materials-09-00493-f002){ref-type="fig"}.

The creep rates obtained at the tested temperatures and stress range fit the deformation-mechanism map for magnesium aluminate spinel \[[@B14-materials-09-00493]\] and correspond to the region of power law creep \[[@B15-materials-09-00493]\]. Therefore, the data were analyzed according to the general creep equation: $$\overset{˙}{\mathsf{\varepsilon}} = A\mathsf{\sigma}^{n}\exp\left( \frac{- Q}{RT} \right)$$ where $\overset{˙}{\mathsf{\varepsilon}}$ is the creep rate, *A* is the creep constant, $\mathsf{\sigma}$ is the applied load, *n* is the stress exponent, *Q* is the activation energy, *R* is the gas constant and *T* is the temperature. The creep parameters (*i.e.*, *Q* and *n*) can vary with experimental conditions (*i.e.*, applied stress and temperature), along with other factors, such as composition and microstructure of the tested materials \[[@B16-materials-09-00493]\]. The experimental data for different temperatures and stresses allow for estimations of stress exponent and apparent activation energy values according to: $$\ln\left( \overset{˙}{\mathsf{\varepsilon}} \right) = \ln A + n\ln\left( \mathsf{\sigma} \right) - \frac{Q}{RT}$$

3.2. Stress Exponent {#sec3dot2-materials-09-00493}
--------------------

The values of the stress exponent ([Table 1](#materials-09-00493-t001){ref-type="table"}) were determined from the slopes of the curves presented in [Figure 3](#materials-09-00493-f003){ref-type="fig"}.

The stress exponent values obtained are in good agreement with those previously reported \[[@B4-materials-09-00493],[@B5-materials-09-00493],[@B6-materials-09-00493],[@B7-materials-09-00493],[@B8-materials-09-00493],[@B9-materials-09-00493],[@B10-materials-09-00493],[@B11-materials-09-00493]\]. Temperature-dependence of the stress exponent was also observed \[[@B9-materials-09-00493]\] and was attributed to changes in the creep mechanism. For low stress exponent values ($n \approx 1$), creep is governed by the diffusional flow of ions \[[@B17-materials-09-00493]\]. For higher stress exponent values ($n \approx 2$), creep of the fine polycrystalline ceramics is mostly controlled by grain boundary sliding (GBS) \[[@B18-materials-09-00493]\], as was clearly demonstrated for polycrystalline alumina \[[@B19-materials-09-00493],[@B20-materials-09-00493]\]. GBS, however, has to be accommodated by an additional process \[[@B21-materials-09-00493],[@B22-materials-09-00493]\], such as intergranular slip and the subsequent climb of dislocations \[[@B23-materials-09-00493]\]. According to the apparent values of the stress exponent, GBS was the dominant mechanism in the 1150--1200 °C temperature range. The higher stress exponent ($n \approx 3.5$) obtained at the lowest temperature considered (1100 °C), could be attributed to formation of triple-point folds \[[@B24-materials-09-00493],[@B25-materials-09-00493]\]. Another possibility is the reduced contribution of GBS \[[@B26-materials-09-00493]\], with a larger percentage of deformation being carried out by dislocation slip and climb ($4 > n > 3$) \[[@B15-materials-09-00493]\].

3.3. Activation Energy {#sec3dot3-materials-09-00493}
----------------------

The temperature-dependence of the creep rate under various stresses allowed for estimation of the apparent activation energy of the process ([Figure 4](#materials-09-00493-f004){ref-type="fig"}).

Calculated apparent activation energy values are presented in [Table 2](#materials-09-00493-t002){ref-type="table"}.

The apparent activation energy values for creep in spinel under our experimental conditions, as well as their dependence on the stress applied ([Figure 5](#materials-09-00493-f005){ref-type="fig"}), are in good agreement with previously reported data \[[@B4-materials-09-00493],[@B5-materials-09-00493],[@B7-materials-09-00493]\]. The decrease in activation energy with applied stress may be attributed to competition between the GBS and dislocation creep mechanisms of deformation. Under higher applied stress, more dislocations are generated within the material, a process which requires relatively lower thermal activation, making the effect of temperature less pronounced. At lower applied stress, the amount of dislocations decreases, while the role of ion diffusion increases. As such, the effect of temperature becomes more significant.

The average creep constant A (=8.43 × 10^−11^ ± 1.38 × 10^−11^ sec^−1^·MPa^−n^), which depends on the material and only slightly on pressure and temperature was estimated based on the stress exponent and activation energy values obtained. The experimental results were extrapolated for a wider range of strain rates (*i.e.*, for lower stresses and higher temperatures), to fit with experimental data reported in the literature \[[@B4-materials-09-00493],[@B5-materials-09-00493],[@B6-materials-09-00493]\]. The extrapolated data, along with our experimental results and the data reported in literature, are presented in [Figure 6](#materials-09-00493-f006){ref-type="fig"}.

The extrapolated values of the strain rate are in a good agreement with previously reported data. Some scattering of the experimental results may be attributed to differences in creep conditions, particularly the grain sizes of the tested samples.

It should be noted that creep was tested in the SPS apparatus under a small electric field (\~70 V·cm^−1^). The good agreement noted between our results and those reported obtained using a conventional testing procedure indicates that the electric field contributes only a negligible or no effect on the creep of the fine grain polycrystalline spinel.

HRSEM images of polished and thermally etched samples before and after creep deformation are presented in [Figure 7](#materials-09-00493-f007){ref-type="fig"}.

The initial microstructure ([Figure 7](#materials-09-00493-f007){ref-type="fig"}a) consisted of fine equiaxed grains with an average size of about 250 nm. After the creep test, the average grain size was larger (400 nm) and grain shape remained equiaxed with no directional growth ([Figure 7](#materials-09-00493-f007){ref-type="fig"}b--d). According to \[[@B27-materials-09-00493]\], this implies that GBS was the main mechanism by which the samples were deformed during creep under our testing conditions. We assume that in this range of grain size its effect on creep rate was not significant.

The appearance of faceting morphology of spinel grains is attributed to the preferential thermal etching of {111} planes, which have higher surface energy than either the {100} or {110} planes. The faceting morphology was detected in both before and after creep samples and does not depend on the grain deformation \[[@B28-materials-09-00493]\].

To clarify the creep mechanism, HRTEM analysis of deformed samples after creep under pressures of 120 and 200 MPa, was performed ([Figure 8](#materials-09-00493-f008){ref-type="fig"}).

Several types of distinctive features of creep were found in all examined samples. The formation of triple point voids and displaced triple points ([Figure 8](#materials-09-00493-f008){ref-type="fig"}a,b) provided strong evidence for GBS \[[@B29-materials-09-00493]\]. Moreover, grain separation, appeared as grain boundary cavities, was also observed, which is typical for creep with no glassy phase at the grain boundaries \[[@B25-materials-09-00493]\]. These observations confirmed that substantial GBS had taken place during creep under our testing conditions. Dislocations and dislocation pile-ups were also observed, especially in that sample subjected to 200 MPa pressure ([Figure 8](#materials-09-00493-f008){ref-type="fig"}c). By using the weak-beam dark field (WBDF) method that allows pronounced contrast for dislocations \[[@B30-materials-09-00493]\], high dislocation densities were found within the grains at *g* = 440 ([Figure 8](#materials-09-00493-f008){ref-type="fig"}d), which is known to be the preferred dislocation slip plane in spinel \[[@B11-materials-09-00493],[@B30-materials-09-00493],[@B31-materials-09-00493]\]. This may indicate that a dislocation mechanism was involved at the relatively higher stress level.

4. Conclusions {#sec4-materials-09-00493}
==============

Compression creep testing of polycrystalline magnesium aluminate spinel was successfully performed for the first time using an SPS apparatus. The stress exponent value decreased from 3.5 to 2 with temperature in the 1100--1200 °C range. Likewise, the apparent activation energy value decreased from 526 to 387 kJ/mol with applied stress in the 120--200 MPa range. Our results and the data predicted by extrapolation are in a good agreement with values reported in the literature. The microstructure of the deformed samples, consisting of an equiaxed grain structure, indicated that GBS operated during creep. HRTEM examination confirmed that the deformation occurred by GBS accommodated by dislocation movement.
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![Creep curves for spinel under pressures of 120--200 MPa in the 1100--1200 °C temperature range. The dashed lines indicate change of the slope.](materials-09-00493-g001){#materials-09-00493-f001}

![Creep rates of spinel as a function of pressure, tested at various temperatures.](materials-09-00493-g002){#materials-09-00493-f002}
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![Strain rate *vs.* applied stress. Extrapolation of our experimental data (dashed lines) and values reported in the literature for various creep conditions and grain sizes (indicated in the legend) are shown.](materials-09-00493-g006){#materials-09-00493-f006}

![High resolution scanning electron microscope (HRSEM) images of the spinel samples: before creep (**a**); after creep at 1100--1200 °C (4% strain) under 120 (**b**); (7% strain) 150 (**c**) and (13% strain) 200 MPa (**d**). Compression direction is marked.](materials-09-00493-g007){#materials-09-00493-f007}

![High resolution transmission electron microscope (HRTEM) images of spinel samples after deformation at 1100--1200 °C. Under 120 MPa (4% strain) triple-point voids and displaced triple points are shown (**a**); under 200 MPa (13% strain) grain separation and sliding along the grain boundaries (**b**) and dislocations (**c**) are shown. A weak-beam dark field (WBDF) image for *g* = 440 shows the high dislocation density within the grain after creep in response to 200 MPa pressure (**d**); The selected area diffraction pattern is presented in the insert (**e**). The examined cross-sections were perpendicular to the compression axis.](materials-09-00493-g008){#materials-09-00493-f008}

materials-09-00493-t001_Table 1

###### 

Values of the stress exponent at various temperatures.

  Temperature (°C)   Stress Exponent (*n*)
  ------------------ -----------------------
  1100               3.48 ± 0.1
  1150               2.64 ± 0.26
  1200               1.87 ± 0.15

materials-09-00493-t002_Table 2

###### 

Apparent activation energies for polycrystalline magnesium aluminate spinel.

  Applied Stress (Mpa)   Activation Energy (*Q*) (kJ/mol)
  ---------------------- ----------------------------------
  120                    526 ± 35
  150                    465 ± 50
  200                    387 ± 36
